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INTRODUCTION
Rat1/Xrn2 (yeast/human) belong to the XRN family of nuclear 5 0 -3 0 exoribonucleases that regulate a variety of processes in eukaryotic cells, from transcription termination to maturation and nuclear quality control of numerous RNA species (reviewed in Nagarajan et al., 2013) . During transcription termination Rat1/Xrn2 contribute to the dissociation of polymerase II (Pol II) from the DNA template. This complex, multistep and still not fully understood process requires that the elongating Pol II slows down downstream of mRNA poly(A) site (PAS) that is recognized by the cleavage and polyadenylation (CPA) machinery (Schwalb et al., 2016; Baejen et al., 2017) . This is followed by the concerted action of two mechanisms in a combined torpedo-allosteric model (reviewed in Libri, 2015; Porrua and Libri, 2015) . The torpedo mechanism relies on Rat1/ Xrn2-mediated degradation of the Pol II-bound nascent RNA that positions the enzyme in the vicinity of the RNA exit site from the Pol II complex, thereby easing polymerase release from the template (Park et al., 2015; Porrua and Libri, 2015) . Degradation by Rat1/Xrn2 is facilitated by several auxiliary factors including the helicase Sen1/Senataxin (Skourti-Stathaki et al., 2011) and proteins that bind to the Pol II C-terminal domain (CTD) and mediate the interaction of polymerase with Rat1/Xrn2 (Pearson and Moore, 2013) . In the allosteric mechanism, Pol II release downstream of PAS is stimulated by the dissociation of elongation factors and conformational changes in the Pol II complex that are induced by cis-elements in the nascent transcript and/or changes in the composition of Pol II-associated factors (Zhang et al., 2015) . The combined torpedoallosteric model is supported by recent work in yeast showing that both torpedo activity of Rat1 and changes in the composition of the Pol II complex are crucial for the efficient release of polymerase from the template (Baejen et al., 2017) .
It has been proposed that Rat1/Xrn2 play a key role in the torpedo mechanism and an auxiliary role in the allosteric mechanism (Libri, 2015; Porrua and Libri, 2015; Proudfoot, 2016) . However, on the basis of available data the exact function of these exonucleases in transcription termination remains controversial. Notably, catalytically inactive Rat1 is able to disassemble elongating Pol II complex in vitro, and in yeast cells degradation of the nascent transcript by cytoplasmic Xrn1 redirected to the nucleus does not trigger the release of Pol II from DNA (Luo et al., 2006; Pearson and Moore, 2013; Park et al., 2015) . Also, termination of mammalian Pol II in vitro apparently does not require 5 0 -3 0 exonuclease activity (Zhang et al., 2015) . Surprisingly, Xrn2 knockdown in human cells does not have a severe impact on mRNA transcription termination but does impair the termination of promoter-associated non-productive transcripts. Only Xrn2 dominant negative catalytic mutation causes widespread termination defects for mRNA-coding genes (Banerjee et al., 2009; Brannan et al., 2012; Fong et al., 2015; Nojima et al., 2015) . Co-transcriptional removal of RNAs by the Rat1 homologs Dhp1 and Xrn2 was implicated in heterochromatin formation in Schizosaccharomyces pombe and in the protection of genome integrity in human cells, respectively (Chalamcharla et al., 2015; Morales et al., 2016; Tucker et al., 2016) . On the other hand, studies in Caenorhabditis elegans and human cells show that biogenesis of both coding and noncoding transcripts from polycistronic units may be regulated by Xrn2 activity, probably through Pol II transcription termination of upstream genes (Miki et al., 2016; Wu et al., 2016) . Due to these ambiguities it is difficult to definitely resolve whether Rat1/Xrn2 are rather more important for co-transcriptional processes or are directly involved in transcription termination itself (Kim et al., 2004; JimenoGonz alez et al., 2010; Davidson et al., 2012; Jiao et al., 2013; Chalamcharla et al., 2015) .
Defects in Pol II transcription termination may have several unfavorable consequences mediated by read-through transcription extending to downstream genes in the sense or antisense orientation. Recent studies in yeast have shown that inefficient release of Pol II deregulates the expression of downstream genes which may be mediated by chromatin state changes at the gene promoter (Baejen et al., 2017; Chia et al., 2017) . Fusions of mRNA resulting from read-through transcription have been identified in renal and breast cancer cells (Varley et al., 2014; Grosso et al., 2015) as well as in the Arabidopsis thaliana mutant in the mRNA 3 0 end formation factor FPA (Varley et al., 2014; Grosso et al., 2015) . Read-through transcripts were also postulated to play a protective role through stabilization of higher-order chromatin structure in mammalian cells under different stress conditions (Vilborg et al., 2015 (Vilborg et al., , 2017 . Less is known about the effects of illegitimate antisense read-through transcription, but the majority of yeast transcription terminator sequences work in both direction, suggesting a mechanism that protects genes from antisense transcripts (Uwimana et al., 2017) that may decrease gene promoter activity, as has been demonstrated in Arabidopsis (Kowalczyk et al., 2017) .
Nuclear XRN3 and nucleolar XRN2 are Rat1 homologs in A. thaliana. Despite their extensive sequence similarity, XRN3 and XRN2 have only partially overlapping functions (Souret et al., 2004; Gy et al., 2007; Zakrzewska-Placzek et al., 2010) . XRN3 knockout is embryolethal, suggesting its essential function and impeding attempts to assess its role in plant RNA metabolism. Current functional studies on XRN3 are based on weak hypomorphic xrn3-3 mutant or different FRY1 alleles that, due to accumulation of 3 0 -phosphoadenosine 5 0 -phosphate (pAp), an inhibitor of XRN activity, to some extent recapitulate a weak triple xrn2 xrn3 xrn4 mutant (Gy et al., 2007; Estavillo et al., 2011; Kurihara et al., 2012) . In contrast, xrn2 knockouts are viable and do not show any growth or developmental defects. XRN2, with a minor contribution from XRN3, is involved in different steps of rRNA maturation, and both XRN2 and XRN3 participate in polyadenylation-mediated nuclear quality control of rRNA precursors (Zakrzewska-Placzek et al., 2010) . These two proteins also act as endogenous suppressors of small RNA (sRNA)-induced gene silencing and remove some of the discarded fragments of microRNA precursors (Gy et al., 2007) . Here, the role of XRN3 in the termination of Pol II transcription in A. thaliana is investigated by strand-specific, short-read RNA sequencing of a stably RNAi-silenced xrn3-8 line. Our data reveal the accumulation of a large set of Pol II XRN3-dependent read-through transcripts (XRTs) that correspond to those previously identified for the xrn3-3 and fry1-6 mutants (Kurihara et al., 2012) . Analysis of a strong xrn3-8 mutant enabled more comprehensive characterization of XRTs. The structure and location of their 5 0 and 3 0 ends confirms they originate from Pol II defective transcription termination. Most importantly, XRN3 downregulation also results in mRNA expression changes of several hundred protein-coding genes, which is partially caused by XRT transcription. These results underline a conserved function of plant XRN3 5 0 -3 0 exoribonuclease in Pol II transcription termination and demonstrate the importance of this process for maintaining the proper gene expression profile.
RESULTS

Transcriptomic changes in XRN3 knockdown plants
The genome-wide consequences of XRN3 dysfunction in Arabidopsis were examined with paired-end, strand-specific RNA sequencing (RNA-seq) ( Table S1 in the online Supporting Information) for wild-type Col-0 and the xrn3-8 RNAi line showing a strong decrease in XRN3 mRNA and protein levels (Figures S1a-f and see Appendix S1) (the generation of the xrn3-8 line was described in ZakrzewskaPlaczek et al., 2010) . Differential expression analysis for 27 445 Araport11 nuclear protein-coding genes revealed 1643 significantly altered genes in xrn3-8, including 954 with upregulated and 889 with downregulated expression [DESeq2, absolute log 2 fold-change threshold (log 2 FC) > 1; false discovery rate (FDR)-adjusted P-value < 0.05; Table S2 , Data S1].
To determine whether the upregulation of gene expression observed in RNA-seq data results from mRNA stabilization in the absence of XRN3 exonuclease, we applied an Affymetrix Arabidopsis ATH1 Gene-Chip microarray before and after incubation with the transcription inhibitor cordycepin. Only 65 transcripts were stabilized, using the criterion of at least two-fold change in mRNA accumulation between xrn3-8 and Col-0 following cordycepin treatment (t = 60 min), normalized to the control (t = 0 min). Moreover, only 25 of the stabilized transcripts were among the 333 upregulated in the xrn3-8 microarray analysis (t = 60 min, log 2 FC > 1; FDR-adjusted P-value < 0.05) (Data S2). Northern blot analysis of the mRNA half-life following cordycepin treatment showed that none out of seven tested mRNAs were significantly stabilized ( Figure S2a ) (Golisz et al., 2013) . Collectively, these observations suggest that only a small fraction of transcripts may be posttranscriptionally eliminated by XRN3 in the nucleus, while the majority of transcriptomic changes in xrn3-8 more likely arise from other mechanisms that possibly act at the transcriptional level.
Further inspection of RNA-seq data revealed that transcripts located up to 500 bp downstream of PAS (referred to as downstream transcripts) were significantly increased (log 2 FC > 1; FDR-adjusted P-value < 0.05) for 2063 proteincoding genes ( Figure 1a , Data S3). High-throughput observations on downstream transcript accumulation in xrn3-8 were also confirmed for selected regions by . The effects were much stronger than in the previously studied xrn3-3 mutant (T-DNA weak hypomorphic allele of XRN3) (Souret et al., 2004; Gy et al., 2007; Kurihara et al., 2012) that showed very weak accumulation of downstream RNAs with levels roughly a hundred times lower than in xrn3-8 (Figure 1c ). To confirm that the observed increase in downstream transcript level is specific for plants with downregulated XRN3 level or XRN3 activity (Figure 1c) we also tested mutants of other Arabidopsis 5 0 -3 0 exoribonucleases from the XRN family:
xrn2-3 (T-DNA knockout of nuclear XRN2), xrn4-5 (T-DNA knockout of cytoplasmic XRN4) and fry1-6 (T-DNA knockout of FRY1). The fry1 mutant can be considered as a weak triple knockdown of XRN2 XNR3 and XRN4 due to the partial inhibition of all XRNs by pAp that accumulates when FRY1 3 0 (2 0 ),5 0 -bisphosphate nucleotidase activity is abolished (Gy et al., 2007; Estavillo et al., 2011) . A high level of downstream RNAs was detected only in the fry1-6 mutant (5-17% of xrn3-8 levels), suggesting that XRN3 is the only plant XRN homolog involved in the accumulation of downstream transcripts. The RT-qPCR results are in agreement with comparison of high-throughput data from this work and Kurihara et al. (2012) (Figure S2c ; see Appendix S1).
We also analyzed other RNA metabolism mutants that, based on their documented functions, could potentially generate downstream transcripts similar to those detected in xrn3-8. Transcription termination of several RNA classes in yeast was shown to involve the nuclear exosome complex (Kilchert et al., 2016) , so we included three mutants of exosome core subunits or cofactors: cer7-3 (T-DNA knockout of the exosome core subunit RRP45a), rrp41 iRNAi line (knockdown of the exosome core subunit RRP41 by estradiol-inducible RNAi) and rrp6l1-2 rrp6l2-1 (T-DNA double knockout of putative nuclear exosome cofactors RRP6L1 and RRP6L2) (Chekanova et al., 2007; Hooker et al., 2007; Lange et al., 2008) . We also analyzed the upf1-5 mutant [T-DNA knockdown of the major nonsense-mediated decay (NMD) factor], as transcripts with extended 3 0 untranslated regions (UTRs) are known NMD substrates, especially in plants ( Arciga-Reyes et al., 2006; Kertesz et al., 2006) . None of these RNA metabolism mutants accumulated any detectable number of transcripts downstream of PAS (Figure 1c, d) , consistent with the notion that this effect is specific for XRN3 dysfunction.
XRN3 knockdown causes transcription termination defects
To assess the widespread nature of transcriptome changes in the xrn3-8 mutant we assembled transcription units from RNA-seq reads aligned outside known genes, added them to the Araport11 genome annotation and performed differential expression analysis (described in Experimental Procedures). This unbiased approach resulted in the identification of 3206 new transcripts that accumulated at a significant level in xrn3-8 (log 2 FC > 1, FDR-adjusted P-value < 0.05; Table S3 ).
The accumulation of downstream transcripts correlates with the expression of their upstream genes ( Figure S2d ), suggesting that they may represent read-through RNAs that result from defective release of Pol II from the DNA template. We applied chromatin immunoprecipitation (ChIP) with antibodies against the Pol II CTD followed by quantification with quantitative qPCR to check the polymerase occupancy level in 16 regions that showed increased downstream RNA level in the xrn3-8 mutant. In line with inefficient transcription termination, 14 of the analyzed regions showed increased Pol II levels (Figures 1e and S2e), suggesting that the observed upregulation of Fold changes (FCs), expressed relative to the wild type, represent a mean of three independent biological replicates and error bars are SDs: *P < 0.05; **P < 0.01; ***P < 0.001 (t-test). UBC9 mRNA was used as a reference. (c), (d) Downstream transcripts are strongly enriched only in plants with XRN3 deficiency. RT-qPCR analysis of transcripts in a selection of mutants in RNA metabolism. RNA was isolated from 14-day-old seedlings, the rrp41 iRNAi line was induced with estradiol or water control (d). The level of transcripts was normalized to the values in xrn3-8. Description as in (b). (e) Downstream regions have increased Pol II occupancy in the xrn3-8 mutant. Chromatin immunoprecipitation (ChIP) analysis for some downstream transcripts from the set in (b). FCs of immunoprecipitated DNA fractions were calculated as percentage of DNA in the input chromatin and normalized to the ACTIN2 promoter. Results are the mean of three independent biological replicates with error bars representing SD: *P < 0.05; **P < 0.01 (t-test). (f) Upregulated downstream transcripts are also present in regions devoid of read-through transcripts (-XRT). Average profile of FCs between xrn3-8 and Col-0 RNA-seq signals downstream of XRN3-dependent read-through transcripts (XRT)-containing (n = 2391) and non-XRT-containing (n = 11 579) protein-coding genes with no adjacent downstream gene within 1 kb. Light colored areas indicate borders of the 95% CI. (g) XRTs are generated by highly expressed genes. Expression levels [in fragments per kilobase of transcript per million mapped reads (FPKM) for xrn3-8] shown for 2600 XRT-containing and 13 744 non-XRT-containing loci, with expression levels higher than the 25th percentile. Boxplot whiskers extend to 1.5 times the interquartile range, outliers are marked with dots; P-value < 2.2 9 10 À16 (t-test). (h) Gene Ontology (GO) term enrichment analysis of genes with downregulated expression and genes with downstream XRT (false discovery rate-adjusted P-value < 0.05; only selected categories are shown; see complete GO enrichment analysis results in Data S5). [Colour figure can be viewed at wileyonlinelibrary.com].
downstream transcripts is mainly caused by a transcriptional read-through. We therefore refer to downstream transcription units as XRN3-dependent read-through transcripts (XRTs). Still, XRN3 may additionally function in post-transcriptional removal of some RNAs, as three XRTs showed no or very weak increase in Pol II occupancy. To rule out the possibility that some general defects in Pol II function may account for observed polymerase up-regulation in the xrn3-8 mutant we performed ChIP and RT-qPCR analysis of selected XRT-producing and XRT-lacking protein-coding genes ( Figure S2f, g ). XRN3 depletion may also stabilize some RNAs independently of transcription termination defects, as a small fraction (6.6%) of the identified upregulated transcripts did not originate from readthrough transcription but were antisense to adjacent genes or localized in the intergenic regions (Table S3 ). Downstream transcripts were also observed by RT-qPCR for four regions that were not identified as sources of XRTs in the RNA-seq approach ( Figure S2b ), suggesting that the abundance of annotated XRTs may be underestimated due to the restricted depth of sequencing. This is in accordance with the observation that weakly expressed genes are less likely to generate detectable XRTs (Figure 1f) . Moreover, the peak present in the average transcript profile downstream of genes without XRTs suggests the existence of additional transcripts that are below the detection limit ( Figure 1g ). Nevertheless, it is also possible that XRN3 silencing affects transcription termination of only a specific class of genes, since less than a half of the 1000 most highly expressed genes in the xrn3-8 mutant have assigned XRTs. These regions were excluded as XRT-generating loci since they most likely did not meet the two-fold increase criterion due to high downstream transcription in wild-type plants ( Figure S2h ). Moreover, our analysis of Gene Ontology (GO) term enrichment among genes with XRTs showed significant over-representation of transcripts engaged in response to several stresses, including drought, salt, osmotic, biotic and wounding (Figure 1h , Data S5). We conclude that Pol II transcription termination defects resulting from XRN3 knockdown are of a widespread character, with the ensuing accumulation of readthrough transcripts visible for the fraction of highly expressed genes and over-represented for genes involved in responses to external stimuli.
XRN3-dependent read-through transcripts extend to downstream mRNA
Semi-quantitative RT-PCR on regions spanning the polyadenylation sites of XRT-generating genes showed no accumulation of PCR products corresponding to the 3 0 extended mRNAs in the xrn3-8 mutant ( Figure S3a ). This indicates that 3 0 end cleavage is not impaired in the xrn3-8 mutant and XRTs represent separate molecules rather than extensions of their upstream parental genes. The continuous decrease in the average RNA-seq expression profile over the XRT regions suggests that these loci generate a set of overlapping transcripts with heterogeneous 3 0 ends, consistent with a malfunctioning transcription termination mechanism (see Figure S3b) . To characterize the properties of XRTs we assessed the structures present on their 5 0 and 3 0 ends and mapped their positions relative to the adjacent genes.
RT-qPCR or Northern blot analysis on poly(A) + and poly (A) À RNA fractions revealed a 10-45-fold enrichment of seven tested XRTs in the poly(A) + fraction compared with total RNA (Figure 2a, b) , showing that the majority of these read-through molecules are polyadenylated. The status of XRT 5 0 ends was validated by two complementary approaches using the poly(A) + RNA fraction that is enriched in these molecules. First, we carried out anti-m 7 G cap immunoprecipitation followed by RT-qPCR, with a capless Pol III tRNA-small nucleolar RNA (tsnoRNA) precursor as a negative control and an arbitrary mRNA as a positive control ( Figure 2c ). None of the tested XRTs were enriched in the immunoprecipitated fraction compared with the capless control, suggesting that they are devoid of an m 7 G
cap. In addition, circular RT-PCR (cRT-PCR) analysis, which relies on the circularization of a 5 0 monophosphate RNA and detection with primers spanning the ligation site, showed abundant and specific products in the unmodified RNA fraction for three XRTs tested (Figure 2d ). Only a small capped subpopulation was detected for one XRT (XRT_AT2G45180) in RNA samples treated with both alkaline phosphatase and cap-specific tobacco acid pyrophosphohydrolase. These results confirm that the majority of XRTs are uncapped and predominantly contain a 5 0 monophosphate group, in line with their origin as Pol II read-through transcripts endonucleolytically cleaved by the mRNA 3 0 end formation machinery.
To specifically annotate both XRT ends we performed Illumina low-depth (about 10 5 of reads) sequencing of cRT-PCR products for 12 loci using Col-0 and xrn3-8 total RNA and poly(A) + fractions (Figures 2e, f and S3c-f; see Methods S1 for library preparation and reads selection). Only six of the analyzed loci yielded more than 40 unique reads in xrn3-8, probably due to the low abundance of XRTs, especially in total RNA. Two XRTs were detected in both total RNA and poly(A) + fractions, two exclusively in total start site (TSS) (Figures 3a and S4a) , suggesting that these XRTs may affect gene expression. To examine the correlation between the levels of mRNAs and adjacent upstream transcripts, profiles of RNA-seq reads were centered on the TSS regions of differentially expressed genes (Figure 3b) . This revealed that genes with upregulated expression have a significantly higher level of adjacent or partially overlapping upstream transcripts than genes with downregulated expression that showed virtually no difference in upstream transcript level. This observation suggests that generation or stabilization of XRTs could stimulate the expression of some of the downstream genes. Activation of gene expression by XRTs is in line with RNA-seq data showing that genes with a low level of expression in wild-type plants have the strongest response to upstream transcripts in xrn3-8 (Figure 3c) . Genes with upregulated expression were also slightly over-represented among the XRT-generating protein-coding genes (Figure 3a ), but this may simply reflect the fact a detectable number of XRTs are produced in the case of highly expressed genes. In turn, increase in downstream transcripts for genes with downregulated expression was weaker than for genes with upregulated expression ( Figure S4b) .
Correlation between the levels of mRNA and upstream XRT can result from XRT-mRNA chimeras that contain the whole mRNA or its large fragments (see Figures 2f and S3f) or from activation of gene transcription by the XRT located in its promoter. The existence of XRT-mRNA chimeric transcripts was confirmed for several loci by Northern blotting and RT-PCR (Figures 3d and S4c, d ). In addition, Western blotting using available antibodies confirmed a strong overexpression of one out of two tested proteins encoded by genes with upregulated expression and increased upstream transcripts in xrn3-8 mutant (Figure 3e, f) . As predicted, XRT-mRNA chimeras are not the only source of elevated gene expression, since the AT5G20240 and AT3G02480 chimera-forming transcripts . In each repetition a set of protein-coding genes was randomly sampled to obtain a group with a number equal to the number of genes in each class [XRT (genes with XRN3-dependent read-through transcripts), n = 2680; upstr, genes with upstream transcription, n = 599; as, genes with antisense transcripts, n = 1649]. The mean numbers of up-and downregulated genes were calculated for all samples (expected) and the numbers of samples with up-or downregulated genes higher or lower than the true number of affected genes were identified (P-value: *P < 10 À2 ; **P < 10 À3 ; ****P < 10 À5 ). also showed an increased level of the full-length mRNA detected by Northern blotting (Figure 3d ). Interestingly, based on Sanger sequencing of the corresponding RT-PCR products (see Figure S4d ) and global expression profiles over the first gene intron ( Figure S4e ), we infer that mRNA introns from XRT-mRNA are normally spliced. This is an unexpected observation considering that XRT-mRNA chimeras are mainly uncapped and recent data underline the requirement for the nuclear cap-binding complex for efficient splicing in Arabidopsis (Li et al., 2016) . Thus, although canonical processing of XRT-mRNA seems unlikely, we cannot exclude the possibility that full-length mRNAs are processed from some chimeras. The impact of read-through transcription on gene expression was further tested for transcripts derived from a cluster of six tandemly arranged genes (AT2G41430, AT2G41440, AT2G41445, AT2G41450, AT2G41451, AT2G41460) that represent a good example of XRT regulation of downstream genes. The RNA-seq data show that in the xrn3-8 mutant each gene in the array is a source of XRT that acts as an upstream transcript for subsequent genes. Notably, four weakly expressed genes located in the middle of the cluster have strongly upregulated expression in xrn3-8 (Figure 4a ). This observation was confirmed by RT-qPCR analysis (Figure 4b ). Four mRNAs from the cluster form chimeras with upstream XRTs (Figure S4d, e) , suggesting that the majority of transcripts produced from this gene array may be a mosaic of XRTs and XRT-mRNA chimeras. Induction of downstream gene expression could also result from read-through transcription triggering or exposing weak promoters and thereby increasing DNA accessibility for the binding of Pol II initiation complexes. Indeed, stronger Pol II association was observed by ChIP for all gene promoters located downstream of AT2G41430 (Figure 4c ). This approach does not discriminate between initiating and elongating Pol II complexes. To estimate the ratio between transcription initiation and elongation in the promoters of genes with upstream XRTs, we examined changes in H3K4me3 and H3K36me3 histone modifications that are associated with transcription initiation and elongation, respectively. Levels of both histone marks were elevated in close proximity to TSSs for three regions with the highest upstream XRT accumulation and the strongest upregulation of expression of the adjacent downstream gene (Figure 4d ). Activation of transcription at gene promoters within the cluster should increase the level of mature mRNAs of middle genes. Northern blot analysis of enriched poly(A) + RNA fractions from Col-0 and xrn3-8
showed high accumulation of XRT-mRNA chimeras for three tested mRNAs (Figure 4e) . Notably, AT2G41440 mRNA was strongly upregulated in the mutant, while levels of AT2G41451 and AT2G41445 were not altered. These data suggest that increased Pol II occupancy in promoter regions of the cluster has a gene-specific character and is associated with both transcription initiation and elongation of XRTs.
XRTs may trigger production of small interfering RNAs
Next we investigated if XRTs could also affect gene expression indirectly as a source of small interfering RNAs (siRNAs). Uncapped and inefficiently terminated XRTs can in principle be recognized as aberrant transcripts and targeted to the RNAi-mediated surveillance pathways that involve RNA-dependent RNA (RDR) polymerases (Gazzani et al., 2004; Herr et al., 2006 (Figure 5a, b) . The majority of genes producing sRNAs have no adjacent XRTs since many antisense XRTs probably escape detection. However, the proximity of downstream protein-coding genes in the opposite direction suggests that such transcripts can be produced and form dsRNAs with mRNAs, giving rise to sRNAs. We found that 62.9% of genes that accumulate sRNAs and lack antisense XRTs have downstream protein-coding genes in the opposite direction at a distance of less than 500 bp, which is almost two-fold more than the 33.2% for all genes with this organization in Arabidopsis. In plants such dsRNA molecules are usually efficiently processed to siRNAs, and this may explain why some sRNA-producing genes have no detectable antisense XRTs.
The size of sRNAs could provide at least partial information on their biogenesis or function. Small 24-nucleotide (nt) long RNAs result mainly from the activity of plant-specific polymerase IV and act in transcriptional gene silencing, while the origin and function of 21-nt sRNAs is more diverse (Borges and Martienssen, 2015) . Analysis of genes and XRTs with upregulated sRNAs showed that they predominantly produced 21-nt rather than 24-nt sRNAs (Figure 5c, d) , indicating that transcriptome changes in xrn3-8 are not associated with Pol IVmediated transcriptional gene silencing. Together, these results suggest that at some loci XRTs can trigger sRNA production, either as aberrant transcripts or by formation of dsRNAs with antisense mRNAs, but this most likely has a negligible impact on the gene expression profile in xrn3-8 plants. 
DISCUSSION
According to the combined torpedo-allosteric model of polymerase II transcription termination, Rat1/Xrn2 5 0 -3 0 exoribonucleases contribute to the release of Pol II from the DNA template and/or facilitate the removal of termination by-products. Transcription termination is not well documented in plants, but identification of transcripts downstream of coding genes upon the partial loss of XRN3 in the Arabidopsis xrn3-3 mutant supports the conserved role of XRN proteins in this process (Kurihara et al., 2012) . Here, using a strong siRNA xrn3-8 knockdown mutant we provide a comprehensive analysis of the effects of XRN3-dependent transcription termination on gene expression. We show that XRN3 inactivation results in a genome-wide low-level read-through transcription of at least 10% of the Arabidopsis genes. Since these XRN3-dependent read-through transcripts (XRTs) are associated with increased Pol II occupancy, their accumulation reflects XRN3 contribution to release of Pol II downstream of genes rather than XRN3-mediated post-transcriptional removal of intergenic RNAs (Figure 6a ). XRT transcripts could be unambiguously assigned for a rather limited number of genes, but we predict that aberrant termination due to XRN3 dysfunction is likely to be more widespread than indicated by their presence. First of all, we were able to detect increased downstream transcripts by RT-qPCR in regions not identified as generating XRTs in RNA-seq. This is probably due to the low abundance of XRTs compared with parent mRNAs, which suggests that deeper sequencing could significantly improve detection. For similar reasons, lowly expressed or unexpressed genes, which represent a significant portion of the Arabidopsis genome under standard conditions, will not generate XRTs. The compact nature of the Arabidopsis genome also did not allow for the identification of the entire set of these readthrough transcripts. In addition, many highly expressed genes also have a significant downstream transcription in wild-type plants that is only moderately upregulated in the xrn3-8 mutant, and does not give rise to defined XRTs. Interestingly, our GO term enrichment analysis indicates that genes engaged in specific processes, such as stress response, may be more prone to transcription termination defects upon XRN3 knockdown. This strongly suggests that only a fraction of genes may strictly require XRN3 for their transcription termination and that an XRN3-independent mode of termination operates also in Arabidopsis, as has recently been proposed for C. elegans, where nuclear XRN2 promotes termination of a specific subset of genes (Miki et al., 2017) . Other factors may also affect readthrough production. In mouse fibroblasts different stress conditions induce non-overlapping read-through transcription that is modulated by specific transcription factors, Normalized number of reads (in thousands) Figure 5 . Twenty-one-nucleotide siRNAs are predominantly generated from antisense transcripts.
(a) The majority of genes with upregulated siRNAs have antisense transcripts. The diagram shows the results of permutation testing (1 million repetitions). In each repetition a set of protein-coding genes was randomly sampled to obtain a group with a number equal to the number of genes in each class (XRT, genes with XRN3-dependent read-through transcripts, n = 2680; upstr, genes with upstream transcripts, n = 599; as, genes with antisense transcripts, n = 1649). The mean numbers of genes with upregulated siRNAs were calculated for all samples (expected) and the numbers of samples with genes with upregulated siRNAs higher than the true number of affected genes were identified (P-value: ****P < 10 À5 ).
(b) Most XRTs with upregulated siRNAs are antisense to protein-coding genes. The diagram shows results of permutation testing (1 million repetitions). In each repetition a set of XRTs was randomly sampled to obtain a group with a number equal to the number of antisense transcripts (n = 1478). Then numbers of XRTs with up-and downregulated siRNAs in each sample were identified (expected) and the numbers of samples with XRTs with up-and downregulated siRNAs higher or lower than the true number of affected XRTs were identified (P-value: ****P < 10 À5 ).
(c) Protein-coding genes and (d) XRTs produce predominantly 21-nucleotide siRNAs in the xrn3-8 mutant. Small RNAs were filtered to show only sRNAs from genes or XRTs with upregulated siRNAs and divided according to their length with error bars showing SD of three small RNA-seq replicates.
distance to downstream genes and an open chromatin environment (Vilborg et al., 2017) . Our results suggest that XRTs do not represent 3 0 extended mRNAs, but are distinct, highly heterogeneous, uncapped and polyadenylated molecules. These features are likely to result from the activity of the CPA complex creating a broad spectrum of transcripts via numerous alternative polyadenylation signals present throughout the Arabidopsis intergenic regions. XRTs are strongly upregulated in plants deficient in XRN3 activity, but their possible functions in wild-type plants are unknown. It was shown that the level of the XRN inhibitor pAp is regulated in response to drought and high light stress and could act as a chloroplast-to-nucleus signal molecule interacting with abscisic acid signaling. Importantly, the double xrn2-1 xrn3-3 mutant subsumes both drought-tolerant and ABA signaling phenotypes resulting from pAp deficiency (Estavillo et al., 2011; Pornsiriwong et al., 2017) . It was also speculated that, as for the yeast homolog, removal of pAp by FRY1 is inhibited by lithium and sodium ions, so the resulting salt-mediated inhibition of XRNs could be important for the stress response (Kurihara et al., 2012) . As these regulatory mechanisms effect gene expression to accommodate cellular metabolism to new conditions, it is possible that XRT-like transcripts contribute to these pathways. A recent work showing widespread accumulation of 3 0 extended mRNAs under dehydration stress, which have an impact on the expression of adjacent genes, seems to confirm this hypothesis (Sun et al., 2017) . Moreover, 25% of extensions identified under dehydration conditions overlap with XRTs, strongly suggesting that they have a common origin. Importantly, GO term enrichment confirms that genes involved in response to drought, salt stress, osmotic stress and light stimulus are over-represented among XRT-producing genes. We speculate that accumulation of stress-activated transcripts is caused by pAp-driven inhibition of XRN3.
Downregulation of XRN3 affects the expression of a significant number of protein-coding genes. The majority of these changes are probably not directly related to XRT accumulation, as in our RNA sequencing data adjacent or overlapping XRTs are detectable only for 20.7% of differentially expressed genes. These effects may reflect other possible functions for the Arabidopsis XRN3, as Rat1/Xrn2 is also involved in co-transcriptional regulation of transcription directionality and elongation rate that probably affect gene expression and pre-mRNA processing (JimenoGonz alez et al., 2010; Davidson et al., 2012; Jiao et al., 2013) . Again, according to GO term analysis, genes involved in response to external stimuli and hormones are enriched among transcripts with downregulated levels while transcripts with upregulated levels do not show any enrichment. This observation supports a specific role for XRN3 in response to biotic and abiotic stress (Figure 1h , Data S5). Our results show that expression upregulation for 8.3% of genes may arise directly from the presence of immediate upstream transcripts, either from formation of chimeric transcripts with mRNAs (XRT-mRNAs) or from genuine gene activation by read-through transcription (Figure 6b) . Although we are unable to unambiguously evaluate the possible global contribution of XRT-mRNA fusion transcripts, few cases were verified by Northern blotting. In turn, increased Pol II occupancy and histone modification patterns observed in XRT regions that overlap with promoters of genes activated in xrn3-8 indicate that XRT transcription may also change the local chromatin environment in the vicinity of weak promoters, enhancing transcription initiation and leading to elevated mRNA expression. The impact of XRTs and XRT-mRNA chimeras on the level of mature mRNAs and proteins expressed from neighboring genes can be particularly significant in the case of tandemly arranged genes such as are often present in the compact Arabidopsis genome.
Although our data show only weak correlation of gene expression changes with antisense XRTs, regulation of some genes may occur via the action of antisense XRTtriggered siRNAs. Small RNAs that accumulate upon XRN3 knockdown may be produced from dsRNAs formed by the pairing of XRTs with antisense mRNAs (Figure 6c ) or from the incorporation of uncapped XRTs into the siRNA pathways that involve RNA-dependent RNA polymerases. In both scenarios siRNAs could spread from the initial region of complementarity between mRNA and XRT (Parent et al., 2015) . Our results only partially support a model of gene expression regulation by antisense transcripts that trigger siRNA-directed silencing of parental RNA molecules (Yuan et al., 2015) , as only 7% of genes with antisense XRTs show accumulation (log 2 FC > 1) of siRNAs in xrn3-8 plants. We cannot exclude that the appearance of particular siRNAs rather than their strong accumulation from a whole gene may be more important for gene silencing, but our observations suggest that neither the presence of antisense transcripts nor the increase of siRNA levels is sufficient to dictate the fate of complementary mRNAs.
Changes in gene expression can be also caused by inefficient formation of mRNA 3 0 ends, as is the case of mutants in the FPA and FCA Arabidopsis CPA factors (Sonmez et al., 2011) . Here, we show that XRN3 knockdown does not perturb pre-mRNA cleavage at the PAS, and the accumulation of separate XRT molecules most likely has no impact on upstream gene expression. We conclude that changes in the expression of protein-coding genes resulting from the dysfunction of nuclear XRN3 can be partially triggered by the accumulation of XRN3-dependent readthrough transcripts.
Our data favor a direct XRN3 function in the stimulation of polymerase II release during transcription termination, supporting utilization of the torpedo mechanism in Arabidopsis and a conserved role of the Rat1/Xrn2 homolog in this process. In analogy to the model proposed for yeast and human cells (Kim et al., 2004; Fong et al., 2015) , delayed dissociation of Pol II in XRN3-deficient plants most likely causes the expansion of the gene termination zone, resulting in read-through transcription. We hypothesize that embryo-lethality of XRN3 knockout plants ensues from strong defects in transcription termination leading to the accumulation of superfluous noncoding intergenic RNAs that profoundly affect gene expression.
EXPERIMENTAL PROCEDURES
RNA-seq
Wild-type A. thaliana Columbia-0 and xrn3-8 mutant line seeds were sown on soil. Seeds were stratified for 2 days at 4°C. Plants were grown at constant 21°C under 16-h light/8-h dark conditions. Total RNA was extracted from 21-day-old seedlings with the TRI-ZOL method (Sigma, http://www.sigmaaldrich.com/). Libraries were prepared using Illumina TruSeq Stranded Total RNA with RiboZero Plant rRNA Removal (plant leaf) protocol including barcoding and were then subject to paired-end sequencing on a HiSeq4000 at the DNA Research Center (Poznan, Poland). Three biological replicates were prepared for each line (see Table S1 for library read depths). The quality of the data was assessed using FastQC (v0.11.2, http://www.bioinformatics.babraham.ac.uk/projects/fa stqc/). The reads for each sample were aligned to the TAIR10 A. thaliana genome from Ensembl (release v29; Kersey et al., 2016) using HISAT2 (v2.0.4; Kim et al., 2015) with the following command-line parameters: -fr -rna-strandness RF -known-splicesite-infile Mapped reads were sorted using SAMTOOLS SORT (v1.1; Li et al., 2009) . The RNA-seq alignments were split to separate read-pairs that originate from transcription on the forward and reverse strands using SAMTOOLS (v1.1; Li et al., 2009) . To isolate the forward strand alignments we used the bitflag filters -f 128 -F 16 for R2 reads and -f 64 -F 32 for their R1 pairs, producing two separate alignment files which were then merged. To isolate the reverse strand alignments we used the bitflag filters -f 144 for R2 reads and -f 96 for their R1 pairs, again producing two separate alignment files which were then merged. Alignment coverage graphs were calculated with 'genomeCoverageBed ' from bedtools (v2.17.0; Quinlan and Hall, 2010) for all the alignment files with normalization to the number of reads and were converted to bigwig format with bedGraphToBigWig (v4) from the UCSC Genome Browser application binaries collection (http://hgdownload.cse.uc sc.edu/admin/exe/linux.x86_64/).
Identification of new transcripts
New transcripts were assembled separately for each strand using strand-separated alignment files from RNA-seq and cufflinks (v2.1.1; Trapnell et al., 2012) with all genes from Araport11 (release 201604; https://www.araport.org/) masked (-M parameter) and with -u -library-type fr-firststrand parameters, followed by merging using cuffmerge (v1. 0.0; Trapnell et al., 2012) . Masking guarantees the discarding of reads fully covered by transcripts, but partially overlapping reads still contribute to assembled fragments, making some new annotated transcripts partially overlap with Araport11 genes.
Differential expression
Reads were counted with htseq-count (v0.6.0; Anders et al., 2014) and the following command-line parameters: -a 0 -s reverse using GTF files containing Araport11 genes (release 201604; https:// www.araport.org/) plus identified transcripts or Araport11 genes plus protein-coding gene 3 0 end +500-bp intervals (intervals that overlapped with downstream genes were trimmed to fit intergenic regions). Differential expression (DE) of genes, new annotations and downstream intervals was performed using the DESeq2 (v1.8.2) package in R (v3.2.2) with the parameter alpha = 0.05 (Love et al., 2014) . Genes, transcripts and regions with FDRadjusted P-value < 0.05 and absolute log 2 FC > 1 were considered significantly changed. New transcripts with significant upregulation were called XRT if they overlapped at their 5 0 end with the 3 0 end of a protein-coding gene. All other annotations were considered non-read-through and were renamed as numbers. Fragments per kilobase of transcript per million mapped reads (FPKMs) of genes, new transcripts and intervals were calculated using reads counted by htseq-count and described the formula in Mortazavi et al. (2008) . Additional methods are described in Methods S1. All primers used in this study are listed in Table S5 .
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